Objectives-The purpose of this meta-analysis was to determine the sensitivity, specificity, and positive and negative predictive values of contrast-enhanced ultrasound (US) for confirming the tip location and placement of central venous catheters in adult patients.
I
n 1952, Dr Robert Aubaniac introduced the first medical application of central catheters as he cannulated the subclavian veins of wounded soldiers in Algeria. 1 One year later, Dr Sven Seldinger described a technique for catheter placement over a guide wire that has become the standard for current central venous catheterization techniques. 2 The year 1978 marked the first use of ultrasound (US) for central venous access, and it was used to mark the site overlying the internal jugular vein. It was not until 1986 that real-time US was used for the first time for guided central venous cannulation. In recent years, US-guided central venous catheterization has become standard practice in emergency departments and critical care units.
Multiple studies have been conducted to assess the use of US as an alternative to chest radiography to confirm central line placement or to rule out complications.
The objective of this study was to determine the sensitivity and specificity of contrast-enhanced US for confirmation of the tip location of internal jugular and subclavian central venous catheters in adult patients treated in the emergency or intensive care unit (ICU) setting. A systematic review and meta-analysis were performed on studies that recruited adult patients receiving an internal jugular or subclavian central line in the emergency or ICU setting and compared postprocedural US imaging using the agitated saline flush technique with chest radiography for delineating the correct catheter tip location.
Materials and Methods

Data Sources and Search Strategy
This article follows the Preferred Reporting Items for Systematic Reviews and Meta-analyses guidelines for the reporting and conducting of a systematic review and meta-analysis. The literature was searched extensively for submitted or published research articles written in English without restriction to the year or status of publication pertaining to the use of US during central venous catheterization in the adult population. Studies were identified by searching electronic databases and scanning reference lists of articles. The databases included MED-LINE (1966-present), ClinicalTrials.gov, Cochrane, Embase, PubMed, and Scopus. The following nonexhaustive list of search terms was used: ultrasonography, echocardiography, sonography, central venous catheters, Hickman, pneumothorax, hemopneumothorax, hydropneumothorax, complications, adverse, position, malposition, and location. A full electronic search strategy for MEDLINE is included in the Appendix section.
Selection Process and Abstraction
Duplicate articles were removed from the primary selection. Retrieved abstracts and titles were screened by 2 independent reviewers (N.E.H. and S.K.) for eligibility in a nonblinded standardized method. After screening, disagreements between the reviewers were resolved by discussion between themselves, and if no conclusion was reached, arbitration was done by a third reviewer (R.B.C.). The remaining articles were assessed for possible inclusion based on the following criteria: (1) the article pertained to adults in the emergency or ICU setting; (2) US imaging using the saline flush technique was used with chest radiography as the reference standard to confirm the central venous catheter location in the internal jugular or subclavian vein; (3) results of the study included contingency tables or enough information to extract raw true-positive, true-negative, falsepositive, and false-negative results; and (4) The article met quality standards according to the Quality Assessment of Diagnostic Accuracy Studies 2 (QUADAS-2) tool as a test for the risk of bias before meta-analysis. Figure 1 summarizes the studies that were included and excluded as per the methodology described above. Information that was extracted from the final included studies was as follows: (1) demographics of the studied population; (2) information regarding the US technique and US user; and (3) raw numbers of true-positive, true-negative, false-positive and false-negative results per the outcome measure of catheter placement confirmation.
Data Analysis and Outcome Measures
The meta-analysis was conducted using the Rprogramming version 3.3.0 statistical package (R Foundation for Statistical Computing, Vienna, Austria). Eligible articles provided information to calculate the sensitivity, specificity, and positive and negative predictive values. The Mantel-Haenszel method of the random-effect model was used to calculate pooled sensitivity and specificity. Heterogeneity was assessed by using the Cochran Q statistic, tau 2, and the inconsistency (I   2   ) test. An I 2 of greater than 20% was considered indicative of a significant variation. The DerSimonianLaird method was used to calculate pooled diagnostic odds ratios. All 3 end points were presented with their corresponding 95% confidence intervals. Positive and negative predictive values were also reported. As tests of heterogeneity, tau 2, the Cochran Q statistic, and Higgins I 2 were used. An additional v 2 test was used as a test of homogeneity. A summary receiver operating characteristic curve was obtained, and the homogeneous area under the curve and Q index were used to assess the discriminatory ability of the curve. During the determination of end points, R programming would require a continuity correction for sensitivities and specificities that equaled 0 or 1. A value of 0.5 was added to all 4 cells when required to complete the calculation.
Results
Characteristics of the Selected Studies
A total of 7306 studies were retrieved from the systematic review. After removing 5061 duplicate articles, 2245 studies were screened by abstract and title. Finally, 17 full-text articles were assessed (with the exception of 1 abstract whose full text could not be retrieved). Four studies and 1 abstract were included in the final analysis, as summarized in Table 1 . [5] [6] [7] [8] [9] All studies were limited to the emergency or ICU setting where a standard contrast-enhanced US technique was used to determine the correct placement of an internal jugular or subclavian central venous line. The technique for placement of the central venous catheter was described identically (US-guided Seldinger technique) in all studies, and all articles described an identical contrast-enhanced US technique. [5] [6] [7] [8] [9] The US examinations were performed by either emergency physicians or intensivists and confirmed by standard chest radiography done after the US examinations in all studies. Chest radiography was considered the reference standard for the 4 articles and 1 abstract. The QUADAS-2 score showed low risk across all studies for applicability issues. In terms of the risk of bias, patient selection was shown to possibly be an issue because in 2 of the studies, patients with indwelling mechanical devices or with difficult chests for apical 4-heart chamber views were excluded. A summary of QUADAS-2 scores can be found in Figure 2 . Tests of heterogeneity showed homogeneous selection of studies whether the Cochrane Q, tau 2, I 2 , or v 2 test was used.
Main Outcome Results
For confirmation of internal jugular or subclavian central venous catheter placement, contrast-enhanced US compared with chest radiography across studies was found to have pooled sensitivity of 72% (95% confidence interval, 44%-91%) and pooled specificity of 100% (95% confidence interval, 99%-100%). The pooled diagnostic odds ratio was shown to be 5.53 (95% confidence interval, 4.34-6.73), with the area under the curve for contrast-enhanced US found to be 0.971. Contrastenhanced US had a positive predictive value of 92.1% and a negative predictive value of 98.5%. Summaries of the results are presented in Figures 3 and 4 .
Discussion
Central venous catheterization is one of the most common procedures performed in emergency and critical care departments worldwide, with more than 5 million catheters inserted every year in the United States. 10, 11 Central venous catheters are most commonly placed for hemodynamic monitoring, infusion of high-dose vasopressors, or total parenteral nutrition. They are also placed when procedures such as hemodialysis and plasmapheresis are indicated. 12 Central venous catheter placement is associated with several complications: namely, infection at the site of insertion, arterial puncture, pneumothorax, and misplacement of the catheter. 13 The latter is described as a catheter going into the ipsilateral subclavian or contralateral internal jugular or subclavian vein after an internal jugular insertion or projecting into the right atrium. 13 Misplacement of the catheter is clinically important, as it can affect the function of the catheter and, in some rare cases, can lead to myocardial perforation and tamponade, as is the case of a central venous catheter projecting into the right atrium. 14 The use of US guidance has helped decrease complication rates associated with central line placement and has increased first-time success. 3, 15, 16 Historically, chest radiography is ordered after central venous catheter placement to rule out the 2 most common complications: pneumothorax and catheter misplacement. The routine use of this imaging modality has come into question because of its time-consuming and costly nature in addition to delaying the use of the catheter in critically ill patients. 17 Several studies have shown the superior ability of US in ruling out pneumothorax when compared to chest radiography. With findings such as lung sliding, comet tails, on B-mode US, and a seashore sign on M-mode US, pneumothorax can be ruled out with 100% sensitivity. [18] [19] [20] For these reasons, we chose not to include pneumothorax detection in our meta-analysis and systematic review.
After the publications on US and pneumothorax, researchers began to show interest in using US to detect the location of the central venous catheter tip, and several US algorithms were proposed. Matsushima and Frankel 21 suggested scanning the bilateral internal jugular and subclavian veins with the addition of a subcostal view of the heart, looking at the right atrium. They found that bedside US had specificity of 97.5% and sensitivity of 60% in detecting catheter malposition.
To improve the ability of US in detecting misplacement, a group of researchers advocated for the use of agitated saline to help localize the catheter tip. Agitated saline is best obtained by using 2 syringes filled with 9 mL of normal saline and a 3-way stopcock. After several back-and-forth exchanges of saline between syringes, the resultant saline containing small air bubbles is injected through the central venous catheter's distal port while Bmode US is used to visualize the apex of the heart. An immediate view of the agitated saline appearing through the right atrium is used as a confirmatory test for correct placement, whereas a delay in appearance of the saline (>5 seconds) is used to document improper placement of the line.
Our results show that US imaging is an excellent test for ruling in correct placement of a central venous catheter but it is less than perfect in ruling out misplacement. In one of the studies included in the metaanalysis, the sensitivity was the lowest, at 33%. This finding was probably due to 2 cases that were identified by contrast-enhanced US to be in the correct location, with laminar flow appearing in less than 2 seconds, whereas chest radiography identified one catheter to be in the right atrium and the other to be in the left brachiocephalic vein after a left internal jugular insertion. These cases increased their false-negative rate and subsequently decreased the sensitivity of the study. It should be noted that clinically, a functioning central venous catheter in the left brachiocephalic vein with laminar flow appearing in less than 2 seconds can be safely used.
Finally, a contrast-enhanced US examination is easy to perform, rapid, accessible, and safe, with no radiation exposure. [6] [7] [8] 22 However, in cases of doubt, bedside US cannot be used as a test to rule out misplacement of a central venous catheter, and chest radiography should be ordered for confirmation of placement. On the basis of this systematic review of the literature, it is safe to say that US imaging should be the test of choice after central line placement to confirm correct placement. If the catheter is not visualized or if there is delay in seeing the agitated saline, raising the suspicion of catheter misplacement, chest radiography should be ordered. Future studies should be designed to look at the combination B-mode US of the neck veins (bilateral internal jugular and bilateral subclavian veins) with agitated saline in an attempt to increase sensitivity.
Strengths
The purpose of this systematic review and meta-analysis was to report a more-accurate estimate of the diagnostic capabilities of US in central venous catheter placement confirmation. To our knowledge, this work is the first meta-analysis of studies examining the test characteristics of US for detection of central line misplacement. One of the strengths of this overview was the consistent standard US technique and study design across all articles included. This factor allowed a more homogeneous conclusion to be reached. We believe that our search strategy was wide enough to capture all relevant studies.
Limitations
The use of US as a diagnostic tool is inherently subject to user bias. Although this aspect cannot be fully controlled for, all studies declared that the US users were trained emergency physicians or intensivists with prior training in US use. Two studies excluded certain populations, such as those with indwelling mechanical devices and difficult 4-chamber cardiac views. The exclusion of these patients might have inflated the sensitivity of US use in this setting. One of the articles included was an abstract, which, although having all of the necessary information for the review, did have a few missing variables noted for the QUADAS-2 assessment. Overall, the studies showed adequate QUADAS-2 scores. Restriction to English articles may have limited our search. We attempted to be thorough in our primary search via the consultation of evidence-based medicine-trained librarians and arbitration by a third reviewer whenever a discrepancy arose. The use of US in central venous catheter placement confirmation is a growing field, and further summaries and reviews in the future will be required to keep the literature up to date.
Conclusions
In the setting of adult internal jugular or subclavian central venous catheter placement, compared with chest radiography, postprocedural contrast-enhanced US imaging is a safe, efficient, and highly specific confirmatory test for catheter tip location. Given that contrast-enhanced US has 72% sensitivity in ruling out misplacement, chest radiography should be ordered whenever misplacement is suspected. Further studies are required to enhance the ability of US to rule out central venous catheter misplacement.
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